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TWo  types  of  periodic  scan  rotating  mirrors  used  in  high 
energy  laser  systems  are  introduced.  Both  rotating  airrors 
are  driven  by  air  turbines:  one  of  then  is  supported  by  a 
hydrostatic  gas  bearing  while  the  other  is  supported  by  three 
holding  wheels  centerlessly.  In  this  paper  their  design, 
fabrication  and  experimental  results  are  described. 


When  a  high  brightness  laser  bean  passes  through  a  series  of  aagnifiers  in 
a  high  energy  Nd  glass  laser  device,  there  are  local  teaperature  differences  in 
the  working  aediua  due  to  the  uneven  laser  energy  field;  these  teaperature  dif¬ 
ferences  lead  to  differences  in  themal  deformation,  diffusion,  deterioration  of 
laser  bean  orientation,  and  lowering  of  laser  brightness. 


It  is  proven  to  be  effective  by  using  the  scan  light  bean  aethod  in  order 
to  reduce  as  auch  as  possible  the  effect  on  light  bean  orientation  by  diffusion 
phenomenon.  The  concept  of  the  aethod  is  to  artificially  disturb  the  light  beaa 
direction  in  the  working  aediua  in  order  to  reduce  differences  of  thermal  deforma¬ 
tion  in  the  local  zones.  The  key  to  success  and  failure  of  the  experiment  is  the 
requirement  of  a  large-diameter,  high  r.p.a.  and  high  stability  scan  rotating 
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mirror,  which  is  to  scan,  in  a  certain  fora,  the  laser  beaa  entering  the  magnifier 
series;  in  addition,  the  wider  laser  beaa  as  the  output  from  the  magnifier  series 
is  again  restored  by  the  rotating  mirror  to  a  slender  light  beam  as  the  output. 

The  schematic  diagram  of  the  working  principle  is  shown  in  Fig.  1.  According  to 
different  cross  sections  of  the  magnifier,  there  are  also  two  kinds  of  shapes 
for  the  rotating  mirror:  (1)  Ring-shaped  scan  rotating  mirror  (for  use  in  rod¬ 
shaped  amplifier)  and  (2)  Matrix-shaped  scan  rotating  mirror,  an  umbrella-shaped 
rotating  mirror  (for  use  in  sheet-shaped  magnifier).  The  structural  designs  of 
these  two  kinds  of  rotating  mirrors  are  described  in  the  following: 


»*\i 

(3) 

<«>  **tt*Bffl«)**M3**« 
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Fig.  1.  Schematic  diagram  of 
light  channels  (Mj  and  M2  are 

reflective  mirrors):  (a)  Ring- 
shaped  scan  rotating  mirror  used 
for  rod- shaped  magnifier;  (b) 
Matrix-shaped  scan  rotating  mirror 
used  for  sheet-shaped  magnifier. 
Key:  (1)  Rod-shaped  magnifier 
series;  (2)  Output;  (3)  Rotating 
mirTor;  (4)  From  oscillator;  (S) 
Sheet-shaped  magnifier  series. 
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I.  Ring-shaped  Scan  Rotating  Mirror 

Fig.  1(a)  shows  this  kind  of  rotating  mirror,  which  scans  the  light  beam  in 
a  ring  shape.  The  working  principle  of  the  rotating  mirror  is  similar  to  the 
conventional  twisting  mirror;  that  is,  the  normal  of  the  mirror  surface  forms 
an  angle  with  the  rotating  axis.  When  the  mirror  blade  rotates  around  its  axis, 
the  incident  light  beam  with  a  certain  incident  angle  displays  a  conic-shape 
scanning  its  light  axis  after  the  light  beam  was  reflected  from  the  mirror  surface. 
It  differs  from  the  twisting  mirror  in  that  the  ring-shaped  light  beam  following 
magnification  should  again  pass  through  the  back  surface  B  of  the  same  rotating 
mirror  for  restoration.  In  order  to  require  that  the  light  bean  scans  at  high 
speed  and  restores  without  distortion  to  a  laser  beam  as  output,  a  very  high  degree 
of  parallelism  is  required  between  mirror  surfaces  A  and  B.  In  addition,  there 
should  be  a  very  high  stability  between  these  two  mirror  surfaces  during  high¬ 
speed  rotation.  This  stability  requirement  can  be  met  only  by  making  these  two 
mirror  surfaces  as  both  sides  of  a  single  mirror  plate  and  the  parallelism  (less 
than  or  equal  to  5"  of  allowance  for  deviation  from  the  parallelism)  while  using 
a  super-precision  optical  processing  technique.  Some  degree  of  difficulty  is 
brought  to  the  design  of  the  mechanical  structure  in  requiring  both  sides  of  a 
mirror  plate  to  be  useful  with  a  relatively  large  light  aperture  of  +50  mm  and 
very  high  rotating  speed  n- 30, 000*40, 000  r.p.m.  (corresponding  to  more  than  5  scans 
in  10  milliseconds).  First,  the  problem  of  selecting  a  bearing  should  be  solved. 
Under  the  conditions  of  relatively  large  shaft  neck  (D>60  mm)  and  very  high  rotating 
speed  (Dn>2,000,000),  the  conventional  roller  bearing  and  slide  bearing  (oil-film 
bearing)  are  obviously  not  satisfactory  for  this  purpose.  Only  the  hydrostatic 
gas  bearing  is  the  most  ideal  because  the  bearing  has  characteristics  of  low 
friction,  good  stability,  and  long  service  life.  The  author  selected  the  hydro¬ 
static  gas  bearing  for  this  kind  of  rotating  mirror.  Next  in  order  of  importance 
is  selection  of  power  to  operate  the  experimental  devices.  To  suit  this  purpose, 
the  power  device  should  have  a  compact  structure,  short  starting  tine,  and  high 
adaptability.  Therefore,  the  author  selected  an  air  turbine  to  drive  the  rotating 
mirror.  Figure  2  shows  the  structural  diagram  of  the  ring-shaped  scan  rotating 
mirror. 
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Fig.  2.  Structural  diagram  of  40,000 
r.p.m.  high-speed  rotating  mirror. 

Key:  (a)  Silencer;  (b)  Shield  winding; 
(c)  Bearing;  (d)  Rotating  shaft;  (e) 
Mirror  sleeve;  (f)  Mirror  plate;  (g) 
Pressure  winding;  (h)  Blade  wheel;  (i) 
Outer  shell. 


1.  Design  of  hydrostatic  gas  bearing 

(1)  Determination  of  bearing  parameters:  based  on  the  diameter  of  the  light 
beam  to  be  scanned,  the  outer  diameter,  $66  mm,  of  the  mirror  frame  is  adopted  as 
the  neck  diameter  of  the  rotating  shaft;  the  overall  length  of  the  bearing  is 
U70  mi;  and  a  double-row  (six  holes  evenly  distributed  in  each  row)  capillary 
nozzle  arrangement  is  selected  for  the  bearing,  as  shown  in  Fig.  3.  From  the 
well-known  gas-film  bearing  calculation  formula, 
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In  the  equation,  R  is  the  air  constant;  »»  is  the  absolute  viscosity  of  air;  Cd 
is  the  exhaust  coefficient,  generally  at  0.9;  Ts  is  the  absolute  temperature;  K 
is  the  value  of  specific  heat  of  the  gas;  g  is  the  gravitational  acceleration;  P. 
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is  the  inlet  gas  pressure;  D  is  the  bearing  diameter;  L/2  is  bearing  half  length; 
h  is  clearance,  d  is  diameter  of  capillary  nozzles;  and  FQ  is  the  dimensionless 


parameter,  which  is  determined  to  be  0.4  from  the  experimental  curve.  By  substi¬ 
tuting  all  known  values,  we  derive  the  relationship  equation  among  the  three: 

Ps  (kg/cm2),  h  (cm)  and  d  (cm) 

1034. [(P  h2)/d]-0.4  (2) 

We  can  see  from  the  equation  that  P  ,  h  and  d  can  be  arbitrarily  selected  within 
a  wide  range.  As  proven  by  experience,  after  the  value  of  Ps  is  determined,  if 
values  of  h  and  d  are  selected  to  be  too  large,  the  stability  and  rigidity  of 
the  shaft  will  be  reduced.  If  d<0.3  mm,  not  only  is  the  processing  more  difficult 
but  also  breakdowns  due  to  plugging  of  capillary  nozzles  and  overloading  cap  shaft 
will  develop  when  the  air  purity  is  not  high.  So,  consideration  is  given  to  the 
design  characteristics  of  light  loading  and  high  speed.  Finally,  P  was  selected 
as  1.7  kg/car  and  d*0.4  am;  upon  calculation,  h%0.030  am  (which  means  that  the 
Batching  clearance  between  the  bearing  hole  and  diameter  is  0.060  am). 


Fig.  3.  Structural  diagram  of  gas-film  bearing. 
Key:  (a)  Three  holes  evenly  distributed  at  each 
terminal;  (b)  Six  holes  evenly  distributed  in 
each  row. 


In  order  to  prevent  lengthwide  motion  of  the  rotating-mirror  shaft,  a  two- 
plane  stop-push  gas-film  bearing  was  designed  by  using  two  ends  of  the  shaft  and 
the  space  between  shoulders  of  the  rotating  shaft  (Fig.  3).  The  parameters  are 
d'*0.5  am  (three  holes  evenly  distributed  at  each  end)  and  h*«0.10  mm. 
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(2)  Selection  of  materials:  A  two-layer  structure  is  used  for  the  bearing. 

The  outer-sleeve  is  made  of  aluminum  bronze  ZQA19-4,  which  is  high  in  strength  and 
has  desirable  anti-corrosion  characteristics.  The  material  for  the  inner  sleeve 
is  the  electrochemical  graphite  DM4,  which  has  the  characteristics  of  good  anti¬ 
sticking  viscosity  and  grinding  resistance.  The  material  is,  by  itself,  a  good 
solid  lubricant,  since  it  can  prevent  those  undesirable  phenomena  of  sticking 
to  the  shaft  and  rough  scratching  on  the  surface  of  the  shaft  neck  due  to  occasional 
collision  abrasion  during,  starting  or  high-speed  rotation  of  the  mirror. 

The  material  for  the  rotating  shaft  is  stainless  steel  4Crl3;  the  surface 
hardness  should  be  after  heat  treatment.  The  outer  circle  of  the  shaft 

should  be  precisely  ground  to  over  V10;  the  clearance  between  the  shaft  hole 
diameter  and  the  shaft  is  0.060+®’®^  mm. 

2.  Design  of  blade  wheel  of  air  turbine 

A  remodeled  impact  type  turbine  blade  wheel  is  selected  because  of  the  simplic¬ 
ity  in  the  manufacturing  technique  of  the  blade  wheel  and  under  conditions  allowing 
proper  reduction  of  efficiency  to  some  extent.  The  main  characteristic  of  the 
blade  wheel  is  that  the  position  of  the  nozzle  is  perpendicular  to  the  main  rotating 
shaft,  as  shown  in  Fig.  4.  The  parameters  of  the  blade  wheel  can  be  designed 
and  determined  by  the  use  of  the  classical  calculation  formula  for  impact  type  blade 
wheels  (the  calculation  is  omitted  here).  Finally,  the  parameters  of  the  blade 
wheel  are  determined  as  follows: 

Assuming  that  the  diameter  of  the  nozzle  ring  (D*90  mm)  and  blade-wheel 
diameter  DQ«89.9  mm;  blade  number  Z«18  and  (*20*,  then  the  maximum  height  of  the 
blade:  h»(D0/2)  (1-cos  g)%2.6  an. 

The  distance  (between  the  nozzle  and  the  shaft  line  of  rotation)  H*(Do/2)-(h/2) 
■43.6  mm.  The  tangent  angle  (between  the  nozzle  central  line  and  the  wheel  circum¬ 
ference)  a  j-cos" 1 (2H/Dq)%  14* . 

We  assume  that  the  blade  width  B-10.5  mm,  arc  radius  R-6  am,  Bj«2  an,  nozzle 
diameter  d«l  an,  and  nozzle  number  n«6. 
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Fig.  4.  Blade  wheel  and  nozzle  of  a  40,000 
r.p.n.  rotating  airror. 

The  blade  wheel  is  Bade  by  Billing  super-hard  aluainua  LC-4.  The  blade 
wheel  and  the  rotating  shaft  are  fitted  into  one  piece  by  use  of  thermal  shrink 
fitting.  The  rotating  shaft  (after  being  fitted  with  optical  elements)  is  tested 
for  dynamic  equilibrium  on  a  highly  precise  dynaaic  equilibrium  testing  machine. 

It  is  required  that  the  dynamic  equilibrium  precision  be  less  than  0.5  micron. 

2 

The  calculated  inlet  gas  pressure  is  6.5  kg/ca  (absolute  pressure)  and  the 
rated  rotating  speed  (in  design)  is  40,000  r.p.m. 

II.  Matrix- shaped  Scan  Rotating  Mirror 

Figure  1(b)  shows  this  kind  of  rotating  airror,  which  scans  the  light  beam 
in  a  aatrix  shape  and  restores  the  beam;  in  other  words,  the  circular  light  beam 
is  formed  into  a  rectangular,  or  nearly  rectangular,  shape.  By  magnification 
with  use  of  a  sheet-shaped  magnifier,  again  the  same  rotating  airror  is  used  to 
restore  the  light  beam  to  the  single  beam  circular  shape  as  output.  We  adopted 
the  umbrella- shaped  scan  airror.  Based  on  the  predetermined  number  of  rows  to 
be  scanned,  the  ntaber  of  pieces  in  each  group  of  airrr  **  plates  c>  \  be  determined. 
From  a  disk  of  an  umbra 1 la-shaped  rotating  mirror  comp*.,*,  if  feral  groups  in 
cyclic  arrangement,  several  scans  are  performed  for  each  rotation.  The  surface  A 


of  the  mirror  is  the  scan  mirror  surface,  and  the  surface  B  is  the  restored  mirror 
surface.  The  working  principle  of  the  scan  (see  Fig.  5)  and  main  parameters  of 
the  mirror  plate  are  determined  as  follows: 


0  —  the  included  angle  between  the  noxmal  of  the  reflecting  surface  of  the 

mirror  plate,  and  the  shaft  line  of  the  scan  mirror  rotation; 

o  —  the  scan  angle  (scan  field  angle)  ae(h/t*  ).  h  is  the  height  of  the 

max 

last  working  medium;  i*  is  the  distance  from  the  last  piece  of  working  medium 


to  the  scan  mirror. 


t *  .  +(i  ,  /n  .  );  and 

max  air  '■  glass'  glass'' 


Y  —  the  field  angle  (y*(B/R))  between  the  scan  mirror  center  to  the  mirror- 
plate  thickness.  B  is  the  width  of  the  mirror  plate  and  R  is  the  radius  of  the 
scan  mirror. 


Fig.  5.  Diagram  showing  the  scan  principle 
of  the  umbrella- shaped  rotating  mirror. 

Key:  (*)  Rotating  shaft  of  scan  mirror. 

The  value  of  0  can  be  determined  by  the  relationship  of  the  three.  When  the 
scan  mirror  is  turned  by  an  angle  y  (in  radians) ,  it  is  required  that  the  light 
beam  scan  an  angle  a (in  radians) ;  that  is ,  the  mirror  surface  deflects  (l/2)et 
radians.  The  relationship  of  the  three  is: 


ain£» 


In  the  equation,  0  is  the  value  of  0  of  the  reflective  mirror  corresponding  to 
the  central  line.  If  the  scan  is  conducted  on  several  rows,  it  is  required 
that  two  adjacent  light  beams  can  be  separated  when  the  scan  light  beam  reaches 
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working  medium.  In  order  to  meet  this  requirement,  the  angle  8  of  a 
rror  plates  should  be,  respectively,  8j,  B2,  B3,  and  the  difference 
>f  two  adjacent  mirror  plates  should  be  6  .  If  the  number  of  mirror 
1  odd  number  for  a  particular  group,  then  6*>6  for  the  middle  mirror 
two  adjacent  mirror  plates,  the  difference  values  are,  respectively. 


issumed  that  the  diameter  of  the  scan  light  beam  is  $60  mm,  the  required 

tans  is  10  within  a  period  of  10  milliseconds,  and  the  light  aperture 

stage  sheet-shaped  magnifier  is  300x120  mm,  4*  a0'vlO  meters.  If  two 

max 

is  are  performed  and  the  outer  diameter  of  the  mirror  plate  is  $210  mm 
re  altogether  16  pieces  of  mirror  plates  (two  pieces  in  a  group,  totaling 
the  shape  of  the  mirror  is  shown  in  Fig.  6.  After  simple  calculation, 

»rs  of  the  scan  mirror  are  as  follows: 

7i-27°8'  -y1-l7°52' 

&-S5'  &-«* 

3 

l  speed  n»10  x(60/8)«7500  r.p.m. 

cation  of  mirror  plate:  Consideration  is  given  that  both  surfaces  of 
ate  are  used  for  light  reflection  and  their  dynamic  precision  should  be 
therefore,  the  method  of  mirror  plate  fixation  used  in  the  design  is 
external  cylindrical  surface  of  the  mirror  plate  on  the  inner  wall  of 
oop  ring  (mirror  ring)  with  sufficient  rigidity.  The  inner  cylindrical 
the  mirror  plate  is  in  a  free  state.  When  the  hoop  ring  rotates  at 
,  the  centrifugal  force  of  the  mirror  plate  presses  the  outer  cylindrical 
the  mirror  plate)  tightly  against  the  hoop  ring.  Since  the  mirror  plate 
a  the  clamping  force,  the  rotating  mirror  has  a  very  high  dynamic  preci¬ 
ther  words,  the  surface  precision  of  the  mirTor  plate  and  the  parallelism 
sctive  surfaces  are  basically  without  any  variation  during  high  speed 


Lving  the  rotating  mirror:  since  the  rotating  mirror  does  not  have  a 
ft,  the  simplest  driving  method  is  to  use  a  high-speed  gas  stream  to 
op  ring  that  fixes  the  mirror  plate.  The  blade  wheel  of  the  dual-row 
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pneumatic  turbine  made  of  hard  aluminum  is  connected  to  the  hoop  ring  in  a 
single  piece  by  use  of  thermal  shrink  fitting.  The  blade  wheel  is  driven  by 
compressed  air  from  the  nozzle.  The  design  method  of  the  dual-row  blade  wheel 
and  nozzle  is  basically  the  same  as  the  design  of  the  pneumatic  rotating  mirror 
mentioned  above. 


Fig.  6.  Mirror  plate  of  umbrella- shaped  scan  mirror: 
Technical  requirements: 

1.  The  allowance  of  parallelism  of  A  and  B  surfaces  *5" 

N.-N.-1/4,  AN.-AN_-1/10 
PHI  A  B  A  B 

•  coating  of  multiple  layers  of  I.O611  onto  a  total 
reflective  film  by  use  of  an  electron  gun. 

2.  The  allowance  of  the  included  angle  between  C  and  D 
surfaces  ' 

W3’  Wc-4Nd.1/2 

3.  All  stepped  differences l1 

4.  Group  the  16  pieces  of  mizrors  (8  pieces  each  for 
I  and  II  with  alternate  arrangement)  into  a  ring. 
Then  process  4210  db  outside  the  cylindrical  surface 
and  490  hole. 


According  to  the  compiled  numbers,  mirror  plates  are  glued  in  sequence  onto 
the  inner  wall  of  the  hoop  ring.  A  1*  angle  meter  is  used  to  measure  and  calibrate 
the  gluing  precision.  After  the  glue  is  dried  by  heat,  the  assembly  is  installed 
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on  a  special  clamping  fixture  and  dynamic  equilibrium  of  the  entire  rotating 
mirror  ring  (including  blade  wheel)  is  calibrated;  the  required  precision  for 
dynamic  equilibrium  is  less  than  1  micron. 

(C)  Support  of  the  rotating  mirror:  A  support  wheel  props  the  outer  cylindri¬ 
cal  surface  of  the  high-speed  rotating  mirror  ring  to  solve  difficulties  due  to 
the  core- less  shaft.  The  ratio  between  the  diameter  of  the  outer  surface  of  the 
hoop  ring  and  the  diameter  of  the  support  wheel  is  2:1.  Four  C100  ball  bearings 
are  used  as  props  to  the  support  wheel;  the  shaft  of  the  ball  bearing  uses  atomized 
oil  as  a  lubricant.  The  processing  precisions  of  support  wheel,  hoop  ring  and 
support  seat  can  ensure  the  dynamic  precision  and  stability  of  the  high-speed 
rotating  mirror.  Two  conical  surfaces  of  the  pressure  wheel  are  used  to  restrain 
the  axial-direction  motion  of  the  rotating  mirror. 

Figure  7  shows  the  exterior  of  the  umbrella-shaped  scan  mirror  (including 
air  screening  system). 


Fig.  7.  Picture  showing  exterior  of 
umbrella- shaped  scan  mirror. 

III.  Results  and  Discussion 

(1)  As  proven  by  experimental  results,  these  two  types  of  rotating  mirrors 
attained  the  pre-determined  design  indexes.  By  using  the  photoelectric  speed 
measurement  method,  the  rotating  speed  of  the  first  rotating  mirror  is  n%40,000 
r.p.m.  and  the  speed  of  the  second  rotating  mirror  is  n%7500  r.p.m.  The  performances 
of  these  rotating  mirrors  give  fast  start,  steady  rotating  speed,  and  dynamic  equi¬ 
librium  during  rotation;  these  features  meet  the  pre-determined  purpose  of  scanning. 
Thus,  the  orientation  of  high  energy  laser  output  can  be  improved  several  times. 
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(2)  The  method  of  fixation  of  the  mirror  plate  onto  the  umbrella-shaped 
rotating  mirror  is  rational.  During  high-speed  rotation,  the  mirror  plates  are 
only  acted  on  by  centrifugal  force  without  appreciable  deformation.  The  shearing 
and  equal-thickness  interference  methods  in  experiments  make  dynamic  and  static 
measurements  for  the  same  mirror  plate  for  comparison;  the  results  prove  that 
the  wedge-shaped  and  surface  type  deformations  are  within  the  desirable  allowance 
range.  The  effect  of  the  scan  and  restoration  of  rotating  mirror  is  satisfactory. 

(3)  Basically,  the  rotational  speed  of  the  pneumatic  rotating  mirror  is 
determined  by  the  design  parameters  of  the  turbine.  As  seen  from  the  calculation 
formula  in  design,  the  theoretical  speed  of  the  gas  flow  at  the  outlet  of  the 
nozzle  is 


which  is  only  related  to  the  ratio  between  the  inlet  and  outlet  gas  pressures, 
and  is  not  related  to  the  nozzle  diameter.  However,  the  nozzle  diameter  can 
directly  affect  turbine  power;  by  properly  increasing  nozzle  diameter,  turbine 
power  can  be  increased.  Under  the  situati  m  of  higher  resistance  (such  as  bearing 
friction,  air  resistance  and  energy  consumption  due  to  vibration),  the  starting 
time  can  be  shortened  and  the  speed  of  the  rotating  mirror  can  be  slightly  increased. 
Of  course,  an  oversized  nozzle  will  considerably  increase  the  gas  consumption,  and 
correspondingly  affect  the  reduction  of  P  . 

As  proven  by  experiments,  the  precision  of  dynamic  equilibrium  of  the  rotating 
mirror  can  directly  affect  its  rotational  speed.  Rotating  mirrors  of  the  same 
structure  may  have  a  rotational  speed  considerably  lower  than  the  rated  speed  in 
design  because  of  insufficient  calibration  of  dynamic  equilibrium. 

(4)  The  compressed  air  used  for  gas-film  bearing  requires  a  high  degree  of 
dust,  oil  and  humidity  removal.  Before  the  air  enters  the  gas-film  bearing,  a  set 
of  air  screening  systems  should  be  installed,  including  an  oil-water  separator,  a 
pressure-regulating  valve,  a  pressure  gauge  and  a  secondary  screener.  The  function 
of  the  specially-designed  secondary  screener  is  to  filter  the  compressed  air  after 
initial  screening  through  a  can  of  silicon  glue  and  several  layers  of  felt  to 
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further  remove  tiny  dust  particles  and  water  vapor  in  the  air.  The  silicon  glue 
and  felt  should  be  periodically  dried  and  discarded. 

(5)  Figure  8  shows  the  scanning  image  (an  arc  shape)  of  the  timbrel la-shaped 
rotating  mirror;  the  curvature  of  the  arc  is  related  to  the  diameter  of  the 
umbrella- shaped  rotating  mirror.  The  larger  the  diameter  of  the  rotating  mirror, 
the  smaller  is  the  curvature  of  the  scan  arc;  the  closer  to  the  straight-line 
scan,  the  more  can  the  magnifier  be  sufficiently  utilized.  However,  the  larger 
the  diameter  of  the  rotating  mirror,  the  more  complex  is  the  manufacturing 
technique  of  the  rotating  mirror  and  the  greater  the  difficulty  in  attaining  the 
same  scan  precision.  Therefore,  a  compromise  between  advantages  and  disadvantages 
should  be  made. 
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Fig.  8.  Scan  photograph  of  an 
umbrella- shaped  rotating  mirror. 

(6)  Noise  problem:  Silencers  are  installed  at  the  exhaust  openings  of  an 
air  turbine  for  two  types  of  rotating  mirrors.  However,  the  design  of  the  silencer 
for  the  umbrella-shaped  rotating  mirror  is  not  satisfactory;  during  operation, 
relatively  loud  noise  is  still  heard. 


